In Anabaena 7120, heterocysts (cells specialized for nitrogen fixation) develop at the ends of filaments and at intervals within each fiament. We have isolated a mutant Anabaena strain that develops heterocysts mostly at the ends of filaments. This mutant, PAT-1, grows poorly under nitrogenfixing conditions. The wild-type gene that complements the mutation in PAT-1, calledpaL4, was cloned and sequenced. The
predicted PatA protein contains 379 amino acids distributed among three "domains" based on predictions of hydropathy and flexibility. The carboxyl-terminal domain is very similar to that of CheY and other response regulators in two-component regulatory systems in eubacteria. The pat4 mutation suppresses the multiheterocyst phenotype produced by extra copies of the wild-type hetR gene described previously, suggesting that PatA and HetR are components of the same environmentsensing regulatory circuit in Anabaena.
Anabaena 7120 is a member of the class of filamentous cyanobacteria that are capable of both photosynthesis and nitrogen fixation under aerobic conditions. In the presence of a source of combined nitrogen, Anabaena 7120 grows in continuous chains of vegetative cells. When the filaments are deprived of fixed nitrogen, some cells differentiate into thick-walled cells called heterocysts that become capable of nitrogen fixation (1) . The heterocyst provides a strictly anaerobic environment that is required by the nitrogenfixation machinery (2) .
In the laboratory, Anabaena 7120 differentiates heterocysts both terminally and internally at intervals of -10 cells, although the intervals are slightly longer in older cultures. Division of vegetative cells widens the space between heterocysts, but the spacing pattern is maintained by the formation of additional heterocysts midway between two existing heterocysts (3, 4) . The placement of heterocysts can be altered by physical breakage of the filaments, by modulation of the light intensity, or by treatment with chemicals such as 7-azatryptophan (5) or rifampicin (4) . Apparently, many, if not all, of the cells in a filament have the potential to develop into heterocysts. The mechanism that allows cells only at certain positions in the filament to differentiate into additional heterocysts must involve intercellular communication. It has been suggested that the establishment and maintenance ofthe heterocyst spacing pattern depend on (i) the interaction between diffusible substances that originate in the heterocyst and move along the filament and (ii) other factors, presumably proteins, that both interact with the diffusible substances and control, directly or indirectly, gene expression (6) (7) (8) .
Mutations affecting the heterocyst pattern have been identified in several Anabaena strains (9, 10) . In one case, the mutant produces no heterocysts under inducing conditions (10) . The wild-type gene complementing this mutation, called hetR, was cloned and sequenced (11) . When an extra copy of the wild-type hetR gene carried on a plasmid was introduced into wild-type cells, the heterocyst frequency was increased due to the induction of heterocysts in strings oftwo, three, or more cells (11) . The expression of hetR occurs only in the cells that are going to differentiate into heterocysts, as seen by chemiluminescence in cells containing a lux gene fused to the upstream region of the hetR gene (12) .
Here, we describe another mutant of Anabaena 7120, called PAT-1, that differentiates heterocysts mostly at the ends of filaments. The sequence of the gene patA that complements the mutation in PAT-1 shows it to be related to che Y, a component of an environment-sensing regulatory circuit in Escherichia coli (13, 14) . The patA mutation suppresses the multiheterocyst phenotype of the extracopy hetR strain.
MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. E. coli strains MC1061 and DH5a were used as the hosts for plasmid preparation and for conjugal transfer of DNA to Anabaena (15) . For selective growth, Luria broth was supplemented with antibiotics at the following concentrations: ampicillin at 100 ,ug/ml, kanamycin at 50 ,ug/ml, chloramphenicol at 10 jug/ml, and spectinomycin at 20 ,ug/ml. Anabaena 7120 and its mutants were grown in BG-11 medium (16) . For plate culture, the BG-11 liquid medium was supplemented with 10 mM Hepes buffer, pH 8.0/1 mM NaS203/1.5% agar (BBL purified; Becton Dickinson). For selective growth, antibiotics were added to final concentrations of 30 Ag/ml (neomycin), 10 gg/ml (chloramphenicol), and 5 ug/ml (erythromycin). A combination of spectinomycin and streptomycin was used at a final concentration of 2 gg/ml each.
Mutagenesis and Isolation of Mutants. TnS mutagenesis was done as described (17) . E. coli strain MC1061 was successively transformed with plasmids pRK24, pRL528, and pBR322::TnS. Equal volumes of E. coli and Anabaena cell suspensions were mixed and spread on a nitrocellulose membrane placed on BG-11-agar plates, grown for 3 days, at which time the membranes were transferred to other BG-11
Proc. Nat!. Acad. Sci. USA 89 (1992) wild-type DNA was conducted essentially as described (10) . A similar procedure was used for subsequent confirmatory complementation. For this procedure, the E. coli donor carried plasmids pRK24, pRL528, and the complementing plasmid. After 3-day incubation on a BGi1-agar plate, the membrane was transferred to a BG11-N-plate containing neomycin at 30 ,ug/ml. Successful complementation gives rise to a green cell lawn, whereas the mutant culture exhibits a yellow-green color.
DNA Subcloning. The DNA of a cosmid that complemented mutant PAT-1 was partially digested with Sau3AI Fig. 2 . The double underlines and wavy underlines in the first five rows indicate inverted repeats. The overlined sequence is complementary to the 3' end of 16s rRNA. The star (*) indicates the position at which an adenine is inserted to create a frameshift in the PAT-1 strain. The underlined sequences within the coding region are direct repeats that result in repetition of the amino acid sequence FLDD. The residues in boldface type correspond to the conserved D and K residues of the CheY family of regulator proteins. basic residues. Analysis of the derived protein sequence by the PLOT.A/HYD program (provided by P. Markiewicz, University of California, Los Angeles) using the Kyte/Doolittle parameter set (22) revealed that the overall hydrophobicity of the protein can be divided into three distinguishable regions. Although the region between residues 168 and 259 is hydrophilic, the amino-terminal and the carboxyl-terminal parts alternate between hydrophobic and hydrophilic segments (Fig. 4) . Analysis of the same sequence by PLOT.A/KAS (a flexibility predictor, also provided by P. Markiewicz) indicated that the middle part of the protein (residues 168-259) is more flexible than its flanking sequences (data not shown).
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The nucleotide sequence contains three pairs of repeated sequences in the coding region and the upstream region. One pair is a direct repeat of 12 nucleotides (TTTTTAGATGAT) in the coding region. A second pair is an inverted repeat of 16 nucleotides (TTCCACTCAGGAGAGT) in the upstream region, and the third pair is also an inverted repeat of 12 nucleotides (TCTAGTAATCGG) with one-half in the upstream region and the other half in the amino terminus of the patA-coding region. No function has been ascribed to these repeats so far. A putative ribosome-binding site is located three bases upstream of the first ATG codon. CheY, for which the x-ray crystal structure has been solved, is a small regulator protein of 129 amino acids; it is composed of a central core of five parallel (8-strands and an outer layer of five a-helices (26) . Residues Asp-12, Asp-13, Asp-57, and Lys-109 of CheY, which all appear at the carboxyl end of the (3-sheets, are conserved at the corresponding positions in most of the response regulator proteins (27) and in PatA.
Strain PAT-1 Contains a Frameshift Mutation in patA. Because no TnS was detected in the chromosomal DNA of strain PAT-1, the nature of the mutation was of interest. We made two primers and amplified a 1. -379) , all of E. coli CheY (Ec CheY) (13) , and the amino-terminal region of OmpR from Salmonella typhimurium (St OmpR) (25) . Identical residues are indicated by vertical bars, similar residues are shown by stars, and the critical aspartate and lysine residues are in boldface type. The analysis was done by using the computer program CLUSTAL with the standard Pam 250 matrix for proteins and gap penalty of 10. chromosomal DNA isolated from strain PAT-1, including the entire patA ORF and its flanking sequences. DNA sequence analysis of the PCR product indicated that strain PAT-1 contains a frameshift mutation in the patA gene caused by the addition of a single adenine to a stretch of eight adenines at positions 316-323 in Fig. 3 . The altered reading frame terminates 40 nucleotides downstream of the shift point. To be certain that the frameshift mutation was not created during the PCR amplification of PAT-1 DNA, a 3.8-kb Nhe I-Kpn I fragment containing the 5' part of the patA gene from PAT-1 DNA was cloned into pUC18. This DNA was sequenced directly, using a 21-base primer annealed to the region immediately upstream of the first AUG in the PatA ORF. The sequence obtained confirmed the addition of an adenine between positions 316 and 323 in strain PAT-1.
Insertional Mutagenesis of patA. To confirm that inactivation of the patA gene is sufficient to cause the observed phenotype in strain PAT-1, a streptomycin/spectinomycinresistance cassette was inserted at the HindIII site in patA in wild-type Anabaena 7120. The interruption was confirmed by Southern hybridization of the 1.4-kb Spe I fragment containing the entire patA gene to Spe I-digested chromosomal DNA isolated from a streptomycin/spectinomycin-resistant Anabaena 7120 colony (data not shown). This constructed insertional mutant grows as well as wild-type cells in N+ medium but grows poorly in N-medium. Like strain PAT-1, the insertional mutant forms mostly terminal heterocysts (Fig. 1) . Therefore, the patA gene is not required for vegetative growth but only for patterned heterocyst differentiation.
Expression of pa&A. Total RNAs were isolated from Anabaena 7120 cells induced for heterocyst formation for 0, 3, 6, 12, and 24 hr. After resolution on an agarose gel and transfer to a nylon membrane, the RNAs were probed with the 1.4-kb Spe I fragment containing patA. Fig. 6 shows that a 1.4-kb band hybridizing to the probe was seen in all the RNA samples. Between 3 and 6 hr the abundance of the 1.4-kb band increases slightly. This pattern of expression resembles that ofthe hetR gene (11) . The blot in Fig. 6 had to be exposed to film for >2 weeks, suggesting that the patA gene transcript is much less abundant than the hetR gene transcript, which appears in exposures of <1 day (11) . The 24 hr. The probe was a 1.4-kb Spe I fragment containing patA (see Fig.  2 ). The 1.4-kb patA mRNA is seen in all lanes, increasing in abundance after 3 hr of induction. The film was exposed for 16 days.
nitrogen starvation differentiate strings of heterocysts containing two, three, or more cells (11) . When the same hetR-containing plasmid was conjugated into the patA mutant strain, the resulting exconjugants retained the PAT-1 phenotype, with single heterocysts at the ends of filaments, only under inducing conditions.
DISCUSSION
The patA Mutation in Strain PAT-1. The original mutation in strain PAT-1 is a frameshift resulting from addition of an adenine to a string of adenines. This result appears to be a spontaneous mutation ofthe type arising from slippage during replication rather than an insertion due to movement of transposon TnS in and out of the chromosome. Thus, the mutation is probably not related to the initial selection for neomycin resistance. However, the Fix-phenotype is due to the patA mutation because it is complemented only by the complete patA gene, and the phenotype can be duplicated by interruption of the patA gene in a wild-type strain. A mutant with a similar phenotype was described in a different Anabaena strain many years ago, but molecular methods for genetic analysis were not available then, and the mutant has not been studied further (9) .
Function of the pat4 Gene. The patA gene product is required for the differentiation of intercalary heterocysts but not for terminal heterocysts. The terminal heterocysts that develop in the PAT-1 strain are morphologically normal at both the light microscope and electron microscope level, and they are capable of nitrogen fixation. A patA mutant grows slowly on N-medium because the heterocysts cannot supply the need of the entire filament for fixed nitrogen. Although the patA gene is transcribed during growth on fixed nitrogen, it is not needed for that growth. After a switch to nitrogen starvation conditions, it is transcribed more abundantly. The patA gene transcript is at least an order of magnitude less abundant than the hetR gene transcript at all times tested. The presence of both transcripts in vegetative cells is consistent with the participation of their products in an environment-sensing regulatory circuit. In enterobacteriaceae, for example, both ntrB and ntrC are transcribed at a basal level under nitrogen-replete conditions, but the abundance of both gene transcripts increases during nitrogen step-down as a consequence of readthrough from the ginA promoter that they activate (28) .
Given the sequence similarity between PatA and the CheY family of regulatory proteins, we might suggest that PatA is a transcription activator controlled by phosphorylation of an aspartate residue (29) . HetR might also be a component ofthe environment-sensing system. But these two proteins cannot be obligatorily linked to the transcription of genes required for heterocyst differentiation because the patA mutation permits terminal heterocyst differentiation-i.e., the hetR gene functions in those terminal cells. On the other hand, the patA mutation prevents the consequences of the overexpression of hetR in intercalary cells in the extracopy hetR strain. These observations suggest that PatA is required to interpret the environment only in intercalary cells.
The PatA Protein. The carboxyl-terminal third of the PatA protein is similar in sequence to CheY, including the three conserved aspartate residues that constitute the acid pocket, which forms the phosphorylation site of CheY, and one lysine residue (13, 26) . Most of the response regulator proteins of the two-component systems have their phosphorylation sites in the amino-terminal part of the protein (27) . These proteins, except for CheB (a substrate for the CheA kinase that also phosphorylates CheY), activate transcription when phosphorylated. CheY is much smaller than the transcription activators, consisting of only the conserved phosphorylation domain. CheY activates the flagellar motor, rather than transcription (14) . PatA also differs from the transcription activators, having its putative phosphorylation site in its carboxyl-terminal third.
